Introduction
Malignant melanoma is the most aggressive malignant tumor in the skin, and there is a clear trend toward familial clustering. 1 Of all patients who die of skin tumors, approximately 80% have malignant melanoma. 2 In 2018, the number of new cases of malignant melanoma in the US was estimated to be 91,270, and the estimated death toll was 9,320. 3 The cell cycle includes four consecutive phases, from the stationary phase (G0 phase) to the proliferative phases (G1 phase, S phase, G2 phase, and M phase) and back to the stationary phase. 4 The key to developing malignant cells is the destruction of normal cell cycle progression, especially in G1 phase. Subsequently, cell cycle-associated regulatory proteins and signal transduction pathways are altered to allow tumor cells to successfully undergo cell cycle progression, lose their ability to differentiate, and undergo malignant proliferation. 5 The mechanistic mechanism of melanoma involves the abnormal expression of multiple genes associated with cell cycle. The most important of these genes are those that play an important role in normal cell cycle activity but are overexpressed in cancer, interfering with the cell cycle and promoting the development of tumors. For example, the USP39 gene is highly expressed in melanoma. Silencing USP39 can inhibit the proliferation of melanoma cells in vitro and in vivo, induce G0/G1 arrest, and promote apoptosis.
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The STAT3 gene is highly expressed in melanoma, and STAT3 promotes tumor cell growth by regulating the expression of genes involved in cell survival and proliferation. 6 The cyclin E gene is also highly expressed in melanoma. Cyclin E interacts with CDK2 to form the cyclin E-CDK2 complex, which is highly expressed in both local and metastatic melanoma. 7 With the release of relevant cancer data in The Cancer Genome Atlas (TCGA) database, cancer-related research has advanced. In this study, we found in the catalog of cancer somatic mutations (TCGA database) that the E2F3 gene ranked first with a 28.12% increase in expression in melanoma. However, few studies have examined the role of E2F3 in melanoma. We will explore the mechanisms that lead to elevated E2F3 in melanoma and evaluate its associated carcinogenic properties.
Methods Bioinformatics
The catalog of cancer somatic mutations 8 is the world's greatest source of manual mapping of somatic mutations related to human cancer and is used to assess methylation mutations in human cancer tissues. TCGA melanoma expression level data, copy number data, and methylation data were downloaded from the TCGA website (https://cancergenome.nih.gov/). The Oncomine website (https://www.oncomine.org/resource/login. html) provided E2F3 expression analysis in the TCGA and gene expression omnibus (GEO) (accession number GSE3189 and GSE7553) databases. In addition, we have provided two supplemental tables on the data used in this article. More details about the raw data can be found in Tables S1 and S2. cell culture
The human malignant melanoma cell lines SK-MEL-28, MuM-2C, A-375, and HaCaT were purchased from American Type Culture Collection, Manassas, VA, USA, and the cells were maintained according to the manufacturer's protocol. The cells were cultured with Dulbecco's Modified Eagle's Medium (DMEM; Thermo Fisher Scientific, Waltham, MA, USA) containing 10% fetal bovine serum and antibiotics (100 µg/mL streptomycin and 100 U/mL penicillin). All cells were cultured in a humidified environment at 37°C and 5% CO 2 . The use of the cell lines was approved by the ethics board. of Xiangya Hospital of Central South University.
lentiviral production and transduction
The shRNA targeting E2F3 (5′-TTGCGTTACTTTAA GTACTAA-3′; shR-E2F3; Thermo Fisher Scientific) was designed, and the scramble sequence (5′-TTCTCCGAACG TGTCACGT-3′) was used as a lentivirus negative control (NC).
The human malignant melanoma cell line A375 was transfected with E2F3-shRNA and NC-shRNA viruses. The transfection efficiency of the recombinant lentivirus was tested by fluorescence microscopy (Olympus Corporation, Tokyo, Japan), and RT-PCR was used to assess the efficiency of knockdown.
RNA purification and reverse transcription Pcr
Total RNA was extracted using TRIZOL reagent (Thermo Fisher Scientific). The reverse transcription reaction was performed using a ReverTra Ace qPCR RT Master Mix with a gDNA remover (Toyobo Co., Ltd., Osaka, Japan). The cDNA was amplified by the KODSYBR ® qPCR Mix (Toyobo Co., Ltd.) on a LightCycler ® 480II System (Hoffmann-La Roche, Basel, Switzerland) according to the manufacturer's instructions. The primer sequences for the target gene were as follows: forward primer 5′-TATCCCTAAACCCGCTTCC-3′, reverse primer 5′-TTCACAAACGGTCCTTCTA-3′.
DNA purification
DNA was isolated using the Easypure Genomic DNA Kit (TransGen Biotech, Beijing, People's Republic of China) according to the manufacturer's instructions. The concentration of DNA was assessed spectrophotometrically and confirmed by gel electrophoresis, and the DNA was stored at −20°C. The results were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene expression.
analysis of Dna methylation
For bisulfite-polymerase chain reaction, the BSP primer was designed in MethPrimer 2.0. 9 Then, the bisulfatemodified DNA was amplified with forward and reverse primers for target genes (bisulfite sequencing or restriction PCR, BSP). The DNA fragments were purified using the Gene JET Gel Extraction Kit (Thermo Fisher Scientific) and mixed at the appropriate proportions. According to the kit instructions, the second-generation sequencing library was prepared with the VAHTSTM Turbo DNA Library Prep Kit (Vazyme Biotech Co., Ltd., Nanjing, China) for Illumina Kits (Illumina, Inc., San Diego, CA, USA), and sequencing was performed with the Illumina MiSeq highthroughput sequencing platform (Illumina, Inc.). The primers for the bisulfite sequencing were as follows: forward primer 5′-GGATYGTTTTAGGTTAGGGAGT-3′, reverse primer 5′-AAAARGAAAACAACTAAATTCC-3′.
Plate colony formation assay
Melanoma cells transfected with E2F3-shRNA lentivirus were used to prepare cell suspensions and counted. Two 
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e2F3 promotes cancer growth in melanoma hundred cells were added to a six-well plate. The cells were further cultured in a cell incubator for 14 days, the cell culture medium was changed every 3 days, and the cell state was observed. Photographs were taken with a fluorescence microscope before the end of the experiment, and the cells were washed twice with PBS. Then, 500 µL of Giemsa dye was added to each well, and the cells were stained for 10-20 minutes. The cells were washed three times with ddH 2 O and photographed with a digital camera.
anchorage-dependent growth
The cells were suspended in 0.3% agar medium (DMEM containing 10% FBS) and plated on a 0.6% agar matrix layer at a concentration of 3.0×10 4 cells/60 mm dish. The cells were cultured in a humidified environment (5% CO 2 ) at 37°C. The number of colonies that were 50 µm or larger were counted after 2 weeks.
edU cell proliferation assay
Lentivirus-transfected melanoma cells in the logarithmic growth phase were seeded in 96-well plates. Then, 100 µL of 50 µmol/L EdU medium was added per well, and the plates were washed with PBS after 2 hours and fixed. Each well was sequentially supplemented with 100 µL of 1× Apollo staining reaction solution and 100 µL of 1× Hoechst 33,342 nuclear staining reaction solution, evaluated by EdU detection and photographed by inverted fluorescence microscopy.
cell cycle analysis
Melanoma cells transfected with E2F3-shRNA lentivirus were incubated in six-well plates. When the cells reached 80% confluence, the medium was removed, the cells were suspended, and the supernatant was discarded by centrifugation. The cell pellet was washed with cold PBS. Cells were collected by centrifugation and fixed in 75% cold ethanol for 1 hour. Prior to analysis, the cells were washed with PBS again and suspended in a solution containing 10 µg/mL RNase A and 50 µg/mL propidium iodide. The cell suspension was filtered at a rate of 300 cells/second, and the cell cycle was analyzed by a FACSCalibur TM flow cytometer (BD Biosciences, San Jose, CA, USA).
statistical analysis
GraphPad Prism 7 software was used to analyze the data. Methylation, copy number variation (CNV), and expression levels between normal and cancer tissues were assessed by a two-tailed unpaired Student's t-test, and the error bars in the figure represent the SD or SEM. Spearman's correlation coefficient (r) was used to determine the correlation. Receiver operator characteristic curves were constructed based on the level of E2F3 gene expression. The data were considered significant at P,0.05.
Results
high expression of the E2F3 gene in melanoma
Based on the TCGA data, we found that among the genes with high expression in melanoma, the E2F3 gene ranked first with an increase of 28.12% ( Figure 1A and C) . The E2F3 gene may promote the development of melanoma. It is worth noting that E2F3-related research in the skin is extremely rare, while studies in the eye, lung, and breast are more common ( Figure 1B) . We found that the lung and breast ranked second and third, respectively, while melanoma ranked first ( Figure 1C) . Therefore, it is necessary to study the relationship between E2F3 and melanoma. Further study found that E2F3 gene expression was increased in the TCGA and GEO databases ( Figure 1D ), and the ROC curve of GSE3189 revealed that E2F3 can identify melanoma tissue (AUC=0.9709) ( Figure 1E ). Survival analysis showed that high E2F3 expression results in decreases in OS and diseasefree survival (DFS) of patients ( Figure 1F and G).
The relationship between cnV and E2F3 expression level
We sought to explore the cause of the high expression of E2F3. First, we found that E2F3 showed extensive copy number amplification (CNA) and high DNA expression in solid cancers (Figure 2A) , and amplification was the main cause of high gene expression. Therefore, we hypothesized that the high expression of E2F3 in melanoma was caused by CNA. The TCGA database showed that the expression E2F3 level significantly increased in tissues with high copy number compared with tissues with low copy number ( Figure 2B ). The expression of the E2F3 gene was significantly positively correlated with CNV level (Figure 2C) , showing that CNA is one of the causes of the increase in E2F3. More importantly, we found that CNV was significantly associated with clinical prognosis, with significantly lower OS and DFS in patients with high copy number ( Figure 2D and E).
The relationship between Dna methylation and E2F3 gene expression in the promoter region
In addition to CNA, promoter methylation is another mechanism that controls expression levels that should 
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Feng et al not be overlooked. In investigating whether high E2F3 expression is regulated by methylation, we found that E2F3 expression in hypermethylated tissues was obviously lower than that in tissues with low methylation by analyzing the TCGA database ( Figure 3A) , and the methylation level was significantly negatively correlated with the E2F3 expression level ( Figure 3B ). However, we showed that methylation level did not affect OS or DFS (Figure 3C and D) . The Tables S3 and S4 ). These results suggest that methylation may not be the cause of the elevated E2F3 expression.
carcinogenic properties of the E2F3 gene
Research about whether high E2F3 expression can promote the progression of melanoma is still lacking. To solve this problem, we successfully knocked down the E2F3 gene in melanoma cells. Melanoma cells that lacked the E2F3 gene showed reduced proliferation in colony formation ( Figure 4A and B), anchorage-dependent growth ( Figure 4C and D) , and EdU cell proliferation experiments ( Figure 4E and F) . These experiments show that E2F3 can affect cell proliferation. At the same time, we found that the G0/G1 population increased 
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Discussion
The E2F3 gene is located on chromosome 6p22 and is 91.5 kb in length. E2F3 is a major member of the E2F family and plays an important role in regulating the cell cycle, proliferation, and apoptosis. 10 Feber et al found E2F3 gene amplification on chromosome 6p22 in the bladder cancer cell lines TCCSUP and HT1376. Analysis showed that higher clinical stage and pathological grade of bladder cancer corresponded with a higher positive rate of E2F3 expression. 11 Silven Bilke et al found that approximately 2/3 of prostate cancers showed high expression of E2F3. E2F3 can be used as an independent factor to predict the OS of prostate cancer patients through multivariate analysis. 12 Ren et al found that miR-449a inhibits 
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Feng et al the expression of E2F3, which decreased when miR-449a was overexpressed in the lung cancer cell lines A549 and 95D. Another study found cell cycle arrest in G1 phase and inhibition of cell proliferation. 13 Libertini et al found that the expression of E2F3 in laryngeal squamous cell carcinoma was significantly higher than that in normal nasopharyngeal mucosa (P,0.001), and less differentiation correlated with a higher expression level (P,0.05).
14 However, it is worth noting that we found that the expression level of the E2F3 gene was the highest in melanoma, ranking first among all tissues, but few studies have explored this relationship. Therefore, it is necessary to conduct in-depth studies. We also confirmed that E2F3 can interfere with the cell cycle to promote the development of melanoma.
Many studies have found that CNV is an important factor affecting the prognosis of cancer patients. Specific CNVs can be used to assess prognosis. 15 A meta-analysis showed that MET gene amplification is inversely related to the OS of non-small-cell lung cancer patients and increases the risk of death. 16 Liu et al reported that lung cancer patients with four copies of the mitogen-activated protein kinase-activated protein kinase 2 (MAPKAPK2) gene promoter have a shorter median survival and a 47% increased risk of death compared to those with two or three copies, which shows that the MAPKAPK2 gene can be used as a genetic marker to predict the prognosis of lung cancer. 17 We confirmed that E2F3 was also regulated by this mechanism.
In addition to CNV, promoter methylation has been shown to affect gene expression in numerous studies. For example, Kim et al found that hypomethylation of the NAT1 gene may increase the transcriptional activation of breast cancer genes. Therefore, the hypomethylated NAT1 gene plays an important role in the development of breast cancer. 18 Other related studies include those on FGFR (sarcoma), 19 PRAME (leukemia), 20 and IGF2 (colorectal cancer). 21 The promoter hypermethylation of these genes is closely related to the occurrence of the corresponding tumors. In our study, we found that the expression level of the E2F3 gene was negatively correlated with methylation but did not affect the prognosis of patients. Moreover, there was no correlation between the methylation and expression levels in four cell lines. It can be inferred that methylation may be one of the reasons for the high expression of E2F3, but more research needs to be done.
In summary, we discussed the mechanism of the high expression of E2F3 in melanoma. Finally, we knocked down the E2F3 gene with lentivirus, which significantly reduced the proliferation of melanoma cells and increased the proportion of cells in the G0 phase. Therefore, it can be speculated that E2F3 can promote cancer. However, considering the extensive and high expression of E2F3, more in-depth research is needed.
Dovepress
5312
Feng et al 
Supplementary materials
